Introduction
One of the most problematic situations in mobile imaging systems is degradation caused by image vibration and relative motion between the image and object planes. This motion degradation is generally much more severe than that deriving from the electronics and optics. A convenient way to describe this degradation is the optical transfer function (OTF). This function converts the mechanical vibration or motion information into an easy format for image-system engineering. In general, from the standpoint of image quality, it is desirable to decrease image motion and therefore the plane velocity. From the standpoint of pilot security it is desirable to accelerate when over hostile territory. Recently developed analytic tools now make it possible to evaluate tradeoffs between these forward-motion considerations in terms of the effects on image quality and target acquisition. This approach is the topic of this paper. Angular vibrations, often mechanical in nature, can also affect target acquisition, and this topic is treated elsewhere. ' The presentations here include an analysis of accelerated image motion on image quality and on target acquisition probability. Section 2 describes a new numerical method for obtaining the OTF in real time from the relative displacement between the camera and the object.24 Implementation of this method with accelerated image motion is described in the third section. The analysis for this kind of motion is divided into two parts, constant blur radius and constant exposure time.
Experimental verification of this new method for sinusoidal image motion (low-and high-frequency vibrations) appears in Ref. 4 . In that experiment the line spread function (LSF) was obtained simultaneously from two sources: from the image itself (point light source or edge trace) and from numerical LSF and OTF calculations deriving from the signal of a motion sensor. The measured and numerically calculated LSF results were similar. Here (Sec. 4), an experiment for forward accelerated motion is described, and there is also good agreement between the real-time calculated and measured LSF results. The effects of image motion on target acquisition are described in Section 5. The influence of motion OTF on target acquisition probability is considered according to the method in Ref. 1 . This analysis includes an investigation of the spatial frequency bandwidth of the imaging system as a function of acceleration. The reconnaissance altitude H is calculated according to the constraints of bandwidth and as a function of the required specific probability of acquisition.
2 General Method for OTF Calculation A method of calculating the OTF numerically in real time for any kind of image motion is described in detail elsewhere.2'3 Here, only the main steps will be reviewed. This method is based on a priori knowledge of the relative displacement between the camera and the object. The LSF that represents the motion degradation process in the spatial doAbstract. One of the most apparent aspects of motion in real-time airborne systems is acceleration. In this paper, effects of acceleration are considered for two important concerns: image quality and target acquisition. A comparison between the effects of uniform velocity and accelerated motion is presented. There are two opposing considerations when flying over hostile territory: The pilot must fly as fast as possible so as not to be detected or attacked by the enemy, but sufficiently slow so that the degradation of the image quality will not be too severe. Mathematical tools developed recently permit a quantitative analysis of the effects of acceleration on the image quality and acquisition of the target. main is the probability density function (PDF), or histogram, of that relative displacement. 2 It is assumed that the relative displacement x(t) can be divided into n successive parts during the exposure time te, such that zt1 + L t2 + L t3 + + L t, = te (1) One approach to calculating the degradation caused by linear motion is to use image-motion compensation (IMC) techThe LSF can be written as the PDF of x(t), . niques in which the imaging system rotates in the direction of image motion so as to cancel it.6'8 As a general rule,
whenever the 1MG varies with time, the blur is a quadratic te(IX '(ti) x'(t) equation in time, LSF=-+... + x(t)=V0t+a (ts<t<t+te) ' (6) (ts<t<ts+te, dmin<X<dmax) , (2) where t is the beginning of the exposure time, and x'(t), the derivative of x(t), is the relative velocity between the object where V0 is the velocity at t = 0 and a is a uniform accelerand the camera in each of the monotonic parts of x(t). This ation. The blur radius d is obtained by substituting t= te. equation is similar to the equation derived by Som5 for the The velocity at time t is spread function due to transverse motion of an aerial image.
However, in Ref. 5 there is a condition requiring that the v(t) V0 + at (t<t<t + te) .
(7) velocity be expressed merely as a function of position along the line of displacement instead of time, although it may not
In Eq. (6), x(t) is a monotonic function for any time t, and always be possible to find analytical expressions for such therefore it is possible to obtain the velocity v(t) = x'(t) as a functions. Here this condition always exists in each of the function of x instead of time t according to the solution of successive parts, because velocity is expressed as a function the equation oftime. at2+2V0t-2x=O
(t<t<t+te) .
The advantage of this method is that it can be applied for any kind of motion, not only monotonic. The practical ap-
The positive solution for t in this equation is plication of Eq. (2) is to evaluate the histogram of x(t) by using a numerical calculation appropriate to real-time imaging systems. The transfer function in the spatial frequency (O<x<d) , 
An interesting analysis is the comparison of OTF for linear motion and accelerated motion for the same blur radius. As wherefax is the maximum spatial frequency and PTF is the shown in Ref. 5, the modulus of the transfer function due to phase transfer function. At frequencies higher than lid the constant acceleration is equal to or greater than that due to there is no degradation, since the target image is displaced uniformly. For acceleration motion, phase distortion is an additional image degradation effect that has to be tolerated. The comparison results appear in Fig. 1 . Now let us define a parameter R as5 V2
R=-2. a
This ratio expresses the relation between the acceleration and the constant velocity in the relative motion. The LSF in (11) can be normalized with the parameter R:
From this point on, Eq. (14) is normalized further so that it varies between unity and zero. As R increases, V becomes >>a and 2x/R becomes negligible compared to 1. Hence the dominant part of the motion in Eq. (10) is the constant velocity rather than acceleration. The spread function will be almost constant and will differ (13) very little from that due to constant velocity over the course of each exposure. However, acceleration causes the "constant" velocity to be different for each exposure. On the other hand, when R becomes small, we have 2x/R >> 1, and the dominant part of the motion is the acceleration component. 1 . As R increases, the blur-radius shape becomes similar to that of linear motion. This is to be expected, since for large R one has V >> 2ax.
2. To obtain the same blur radius, longer time exposures are needed as R increases. The reason is that, as defined in Eq. (13), V0 here is constant while a is decreasing. 3. The MTF_CUtOff values are reciprocal functions of R.
As R increases, the MTF falls off more quickly and reaches lower contrast values atf,.niax . Inthe limit when R is sufficiently large (R>O.2), the contrast atf,max can be considered as zero.
4. The PTF can be considered as a linear function of spatial frequency over large ranges when R is large. In the limit it approaches that of uniform motion (constant velocity) as shown in Fig. 1 Eq. (6) . As in the previous case, it is assumed here that V0 is constant and equal to 1 mms in the image plane. However, the exposure time is also constant at te 20 ms, which is typical for a CCD camera. For this simulation different values of R were used over the range of 0.00 1 to 0.06. Small values of R were used because when R is large the change of the blur radius is not noticeable. 2. Compared to the case of constant blur radius, here the decline of MTF -cutoff as a function of R is much less noticeable.
Experimental Verification
With regard to image motion it makes no difference whether the sensor is moving (as in an airborne vehicle) or the target is moving. The purpose of the experimental setup is to compare the LSF measurement describing the degradation in the image of an accelerated object with the LSF calculated numerically from the motion of that same object by the method in Sec. 2. Figure 4 describes the setup used for these experiments. The basic experimental setup has been already described.3'4 Here, however, constant acceleration rather than sinusoidal motion is considered. Therefore, instead ofa shaker, a physics lab cart and a weight connected to it by a string and pulley wheels were used. The weight was accelerated downward by gravity. Acard containing a black-white line pair with a sharp division between them (edge trace) and a motion sensor were attached to the cart. The relative time exposure was controlled by changing the CCD exposure integration time. The accelerated motion was converted into an electrical signal by the motion sensor. This signal was sent to the computer during the exposure time of the camera through an analog-to-digital converter.
Experimental LSF Measurement
The experiment is divided into two parts that take place simultaneously as shown in Fig. 4 . The first part involves the LSF measurement from the image, and the second involves numerical LSF calculation using the motion sensor. For an ideal object and measurement system the two LSF results should be identical. The purpose of measuring both is to justify eventually depending on the motion sensor and numerical LSF calculation alone. The experimental sequence is:
1. The field of view of a picture element is determined by taking a still picture of a ruler and finding the number of pixels it occupies in the image plane. This task is very important for scaling the system so that it will be possible later on to compare LSF from the image and the sensor. 
Results
The results of this experiment for two representative cases are shown in Figs. 5 and 6. The beginning of the exposure times for these two results was identically related to the starting motion of the cart. However, the duration of the exposure was different. For the first example (Fig. 5 ) t =35 ms, and for the second example (Fig. 6 ) te 300 ms. As expected, in Fig. 5 the situation is similar to that of uniform motion, and the dominant contribution is that of the constant velocity rather than the acceleration component. The short exposure time for this event causes the acceleration component during the exposure to be negligible. On the other hand, for the second case the exposure duration is much longer and therefore the dominant part of the motion is the acceleration component. However, the blur radius in the second case is much larger, i.e., d = 1 8.74 mm compared to d = 2 mm in the previous case. In the spatial frequency domain the MTF for the uniform-velocity case is wider (frmax =0.56 cycles/mm) than that for the acceleration case (frmax =0.04 cycles/mm). The nonlinear, accelerated motion leads to higher contrasts at cutoff spatial frequencies, as seen in Figs. 5 and 6, where the contrast at f,max for acceleration is 0.42 and for linear motion is 0.1. This is typical for nonlinear velocity.9 All results show good agreement be- 5 The Influence of Acceleration on Target Acquisition
Introduction
In this section we consider the influence of accelerated image motion on target acquisition. The relation between frthreshold (defined below) of the imaging system and the target acquisition probability will be considered. The assumption here is that image motion is the factor most limiting image quality. The image-motion MTF reduces the overall MTF and therefore the maximum spatial frequency of the imaging system, frthreshold' which includes motion effects. This reduction of the spatial frequency bandwidth causes a reduction in target acquisition probability for a given range and target size. In this section, the influence of accelerated image motion will be considered. Careful attention is paid to resolving minimum-size detail under conditions of image motion.
Spatial Frequency Bandwidth
In electronics, the significance of the temporal frequency bandwidth with regard to fidelity or resemblance of output to input is well accepted. The greater the bandwidth, the better the fidelity. A similar situation exists concerning spatial frequency bandwidth and image quality. The greater the spatial frequency bandwidth, the better the image quality. In electronics, bandwidth is generally defined according to half maximum, rather arbitrarily for the sake of convenience. The spatial frequency bandwidth limits differ from the half-power limits in electronics; they are determined by the required system threshold contrast values for photon-limited (contrastlimited) imaging or by the threshold signal-to-noise ratio for noise-limited imaging. Here the situation of threshold contrast will be considered. Each imaging system has a threshold contrast required at its output according to the observer or instrumentation the image is intended for.
The highest spatial frequency at which ''black' ' and "white" are distinguishable is denoted here It is the maximum usable spatial frequency and represents the limiting resolution. The spatial frequency band is from zero spatial frequency to frthreshold . This is shown schematically in Fig. 7 for a typical imaging system. The lower curve represents the required threshold contrast, or minimum resolvable contrast, function and is qualitatively similar to that of the human visual system.
Intersection of the overall system MTF and required threshold contrast plots determines the value Offrthreshold As seen from Fig. 7 , information at spatial frequencies higher than frthreshold 5 transmitted by the system. However, the contrast at such high spatial frequencies is so low that such information is essentially useless. Hence,frthreshold is the spatial frequency oflimiting resolution. The overall system MTF is influenced mostly by the weakest link in the imaging system. In dynamic imaging systems that limiting factor is usually the image motion and vibration MTF. Therefore image motion reduces the overall MTF, and hence the maximum spatial frequency frthreshold. As is shown below, the imagemotion MTF also reduces the target acquisition probabilities.
Here the threshold contrast is assumed to be a constant function with respect to spatial frequency, and the performance 
where the minus sign simply refers to an inverted image. Experience with resolution charts indicates that frthresho1d is the highest spatial frequency at which a black-white line pair can be resolved, and if z r' is the width of either the black or the white line, then'° 2 zI r' frthresho1d Therefore, from Eq. (15),
where m is the lateral magnification defined as se/s Equation (16) tells us that the object-plane detail detectable in direction r is inversely proportional to the product of spatial frequency bandwidth frthreshold and the lateral magnification. If magnification is increased, then as the target size increases, finer and finer detail can be resolved until a limit is reached. That limit is the blur inherent in the system, and it is defined by 1/2fesho1d.
Assume now the geometry shown in Fig. 9 . The camera is at an altitude H and is moving at acceleration a, parallel to the ground. It is assumed here that the ground plane is perfectly flat and perfectly parallel to the CCD focal plane.
The motion is the same for all image points and can be compensated. Here it is assumed that s>>s', so that the focal length F's' , and S = H, so that m =F/H. Accordingly, 2 Lr.f threshold F H= n (17) where the number n is described later in the paper. In this example, the maximum spatial frequency will be obtained as a function of R defined in Eq. (13) tions for this simulation are the same as in Sec. 3.2, such that =20 ms and V0 = 1 mm/s. The assumption here is that the threshold contrast curve is constant for all spatial frequencies; this is the situation for automatic target recognition (ATR) tasks. The minimum threshold contrast value (0.25) leads to A rough estimate of target acquisition probability over an infinite amount of time that is used when target is within field of view is found empirically to (18) where n = number of resolvable cycles across the target, n50 = number of cycles required for P. to equal 0.5, E = 2.7+O.7nn50.
Equation (18) is known as the target transfer function (TTF), and it is plotted in Fig. 10 . Here this function was used to obtain n for three different values of P. (90%, 50%, and 40%). Note that for = 50% we have n = n50, as expected from the Johnson chart, which refers to target acquisition by 50% of the observer population. For P. = 90%, n is larger than n50 and equal to 1 .75n50, and for P,. = 40%, n is smaller than n50 and equal to O.89n50.
Let us assume now that the constants for this simulation are as follows: focal length F = 600 mm, the target is a half truck where r = 5 m, and n50 = 5 line pairs for identification purposes according to the Johnson chart. The maximum spatial frequency, called here frthreshold' has been determined from the intersection between the constant threshold curve and the MTFs for different values of R according to Fig. 7 . The spatial frequency frthreshold 5 smaller than frmax . The purpose of this analysis is to find the maximum altitude H of the camera above the target for the specific probabilities of identification P1,. (40%, 50%, and 90%). In Eq. (17) the reconnaissance altitude H is calculated according to the constraints of this example, and frthreshold 5 the only parameter that depends on R. The MTF calculations are presented in In Fig. 12 the results for H are presented for three different values of P1 : (a) 40%, (b) 50%, and (c) 90%, according to Eq. (17).
From the above it can be concluded that:
1 . R is a very critical parameter that determines the width ofthe image motion MTF. As R increases, the dominant part of the motion becomes the constant velocity, and therefore the MTF becomes similar to that of linear motion. The maximum width of the MTF is obtained for R>O. 1 . Further increase of R causes only a small change in the blur radius d. In the limit when R->oc, d is equal to VOte andfrmax lid. 2. The intersection between the MTF and the threshold contrast curve is also a function of R. As R increases, frthreshold also increases. The limit (asymptote) can be obtained from the assumption that for large values of R the MTF becomes similar to that of linear motion, i.e., 4. An analytical approximation for frthreshold and H has been found to be B+(A-B)exp(-C.R) (20) where A and B equal min(frthreshold) and max (frthreshold)' respectively, and C is a constant that can be found according to the mean square error (MSE) criterion.
In Fig. 13, a comparison 
